This study uses airborne Doppler radar observations to describe the mesoscale structure and evolution of a cold frontal system as it made landfall on the mountainous coast of Oregon and northern California on 1 December 1995 during the Coastal Observations and Simulations with Topography experiment. This section of coastline constitutes a steep, approximately two-dimensional north-south-oriented orographic barrier. The front exhibited a northeast-southwest orientation and thus intersected the axis of high terrain at an acute angle. The alongbarrier pressure gradient and low-level winds increased with time along the coastal zone and reached a maximum as the front made landfall. Stably stratified prefrontal flow was strongly blocked by the orography, resulting in a confluent transition from pervasive southwesterly winds offshore to a narrow zone of accelerated southsouthwesterly flow near the coast, where wind speeds approached 30 m s Ϫ1 at a height of 750 m above mean sea level. Postfrontal flow was much less affected by the topography, probably because of its weaker static stability. Upstream blocking by the steep coastal terrain also evidently led to modifications of precipitation in the vicinity of the front, including the rapid genesis of a narrow cold-frontal rainband (NCFR) and nearshore enhancement of two prefrontal precipitation bands. This evolution of the NCFR is interpreted in conjunction with changes in prefrontal vertical wind shear, which favored more upright convective ascent as the front neared shore and encountered accelerated along-barrier flow adjacent to the steep terrain. In addition, a statistical examination of observed radar reflectivity patterns shows that the intensity of frontal precipitation systematically decreased with upstream distance away from the orographic barrier.
Introduction
The west coast of the United States is frequently the target of cool-season extratropical cyclones originating over the Pacific Ocean. Interaction of these synopticscale disturbances with steeply rising coastal terrain such as that found in the Pacific Northwest can result in the development of high winds and heavy rainfall within the coastal zone. Nevertheless, the lack of observations in this region has led to considerable gaps in our knowledge of the severe weather conditions and underlying dynamical processes accompanying the orographic modification of landfalling frontal systems. To better document the mesoscale structure of landfalling frontal systems and improve understanding of their underlying dynamics, the COAST experiment [Coastal Observations and Simulations with Topography; Bond et al. (1997) ] was conducted in late November-December of both 1993 and 1995. In this paper we present results from a detailed observational analysis of a landfalling cold front observed on 1 December 1995. We will show evidence that coastal terrain acted to significantly modify both the winds and the precipitation associated with this landfalling frontal system. It has long been recognized that one of the most striking influences of mountains on the lower atmosphere is the ''upstream blocking'' effect. Deflection of low-level flow may occur upstream of mountain ranges having widths of a few tens to hundreds of kilometers (e.g., Chen and Smith 1987; Bell and Bosart 1988) . The fundamental dynamics of upstream blocking have been explored in previous observational and modeling studies for the special case of relatively steady, horizontally uniform onshore flow approaching idealized terrain. For a steep, approximately two-dimensional barrier, one important result of upstream blocking is the development of a ''barrier jet'' marked by strong low-level winds parallel to the axis of high terrain (e.g., Parish 1982) .
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Generation of orographically enhanced along-barrier flow has been described as resulting from downgradient acceleration caused by ageostrophic forcing in the along-barrier direction (Overland 1984; Lackmann and Overland 1989) . Another important characteristic associated with the occurrence of orographic blocking is the upstream deceleration of the incident flow component normal to the barrier. Under suitably unstable environmental conditions, lifting caused by terrain-induced deceleration of low-level wind can play a role in the initiation of upstream deep convection (Grossman and Durran 1984) .
Recent work has extended these idealized studies of orographic blocking in the presence of steady onshore flow to address terrain-atmosphere interactions relevant to landfalling frontal systems. Analyses of synoptic observations suggest that airflow in the vicinity of landfalling fronts may be altered substantially so as to produce strong surface winds immediately upstream of coastal mountains. For instance, through analysis of routine synoptic observations Mass and Ferber (1990) found that strengthening of coastal winds in advance of fronts approaching the Olympic Mountains can result from enhancement of the alongshore pressure gradient in conjunction with mesoscale pressure ridging upstream of the topography. Overland and Bond (1993) documented strong surface winds at the leading edge of a postfrontal pressure surge in an environment characterized by low Froude number along the mountainous coastline of southeastern Alaska. Doyle (1997) reported the existence of a prefrontal low-level wind maximum adjacent to steep terrain along the central California coast. Trier et al. (1990) investigated a subtropical cold front observed during the Taiwan Area Mesoscale Experiment (Kuo and Chen 1990 ) and noted blocking, as evinced by the deceleration of prefrontal flow and the splitting of the prefrontal and postfrontal flow around the mountainous island of Taiwan. Li and Chen (1998) conducted a more general investigation of conditions along the northwestern coast of Taiwan, and their results suggest that barrier jets can also occur at subtropical latitudes. Nevertheless, owing to the relatively coarse temporal and spatial resolution of the available observations, these previous studies have provided only a gross view of orographically modified winds in the vicinity of landfalling fronts.
Special measurements collected during COAST provide highly detailed views of cool-season mesoscale atmospheric structures near a variety of coastal terrain configurations in the Pacific Northwest (Fig. 1) . Two early COAST studies described such structures in the presence of relatively steady onshore flow. Overland and Bond (1995) used flight-level observations from the National Oceanic and Atmospheric Administration's (NOAA) P-3 aircraft to describe conditions upstream of the quasi-two-dimensional barrier presented by Vancouver Island, while Colle and Mass (1996) used the P-3's scanning Doppler radar to construct a comprehensive view of flow splitting around the more threedimensional Olympic Mountains. More recently, two additional COAST studies have considered the more complex situation in which inherently unsteady flow accompanying landfalling baroclinic systems interacts with coastal terrain. Braun et al. (1997) studied an intense cold frontal system oriented parallel to the mountain barrier as it advanced from a position ϳ400 km offshore to within 20 km of the southern Oregon coast near Cape Blanco during the third intensive operations period (IOP 3) of COAST on 8 December 1993. Their analysis focused on the front's offshore structure, but limited observations nearer shore showed that the lowlevel prefrontal airflow parallel to the coastal barrier increased while that perpendicular to the barrier decreased as the front neared the coast. Braun et al. provided theoretical evidence showing this trend to be consistent with upstream blocking by the coastal terrain. In another study utilizing airborne Doppler observations and simulations from version five of the Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model, Colle et al. (1999) investigated complexities associated with the interaction of a cold front with the Olympic Mountains during COAST IOP 5. Based upon these simulations, which successfully reproduced many attributes of the airborne Doppler observations, deflection of the prefrontal southerly flow was shown to have enhanced stretching deformation and resulting mesoscale frontogenesis upstream of this relatively isolated, quasi-circular barrier.
The chief objective of the present study is to document the mesoscale structure and evolution of a landfalling cold frontal system as it encountered a relatively two-dimensional orographic barrier near the OregonCalifornia border on 1 December 1995, during COAST IOP 8. A distinct aspect of this event is that this segment of coastline is characterized by an exceptionally steep north-south-oriented barrier (the Coastal Range), along which terrain height rises to Ͼ1600 m above mean sea level (MSL) within 120 km of the shore (cf. Fig. 1) . Furthermore, the cold front studied herein was oriented at an acute angle (ϳ45Њ) to the orographic barrier during landfall. On the basis of numerical simulations, Doyle (1997) posited that such a configuration favors the channeling of prefrontal airflow to form a barrier jet as the front nears shore. Nevertheless, this phenomenon has never been documented using detailed three-dimensional airflow observations. The sequence of 14 volumetric airborne dual-Doppler radar analyses collected in COAST IOP 8 provides a unique description of a landfalling cold front and its interaction with steep coastal terrain.
While the potential for terrain to influence frontal circulations and precipitation over the Pacific Northwest was recognized prior to COAST (e.g., Hobbs et al. 1975; Parsons and Hobbs 1983a) , earlier studies lacked dualDoppler radar observations capable of addressing conditions offshore, along the coast, and over the mountain slopes in a comprehensive fashion. The advent of airborne Doppler radar as employed in COAST allows observation of precipitation and three-dimensional flow over extensive regions so that terrain influences may be clearly revealed. This study is guided by several fundamental questions: Did a barrier jet develop on 1 December 1995, and if so, how did its strength vary with height and distance from the orographic barrier and approaching front? How did frontal precipitation change as a function of upstream distance from the barrier?
Were these changes related to alterations of the frontal circulation near the coast, and if so, to what extent were they the result of upstream blocking or other as yet undocumented dynamical processes?
Data sources and analysis methods
The primary datasets used in this study were provided by the NOAA P-3 aircraft and include volumetric distributions of reflectivity and radial velocity from heli- cally scanning X-band (3.2 cm) Doppler radar, horizontal maps of radar reflectivity derived from the horizontally scanning conventional C-band (5 cm) lower fuselage radar, and a full complement of in situ flightlevel measurements (Jorgensen 1984) . Other data sources used in this study (summarized in Fig. 1 (Hildebrand 1989; Jorgensen and Smull 1993) , which allows multiple Doppler measurements to be collected continuously on both sides of the aircraft as it moves along a straight flight path. As a result, the time required to gather two independent radial velocity measurements at a given point is considerably reduced. In this study, three-dimensional airflow in the frontal region was obtained by use of a pseudo-dualDoppler synthesis technique described by Jorgensen and Smull (1993) and Jorgensen et al. (1994) . Prior to interpolation to Cartesian coordinates, folded radial velocities and contamination due to sea/mountain clutter and receiver noise were corrected interactively. Radial velocities were also adjusted to remove contributions due to the aircraft's motion. During COAST's 1995 field phase, availability of Global Positioning System navigation aboard the P-3 allowed for optimal determination of the aircraft's position and velocity following Matejka and Lewis (1997) . The horizontal and vertical analysis grid spacing were set to 1.5 km and 0.25 km, respectively, over multiple volumes encompassing 135 ϫ 135 km 2 in the horizontal and 8.5 km in the vertical, with the lowest analysis level located at 0.25 km MSL. Vertical air motions were obtained through an iterative procedure by assuming anelastic continuity through downward integration from an upper-boundary condition of zero vertical motion at echo top. A variational adjustment scheme described by O'Brien (1970) was applied to compensate for divergence errors that produce nonzero vertical motions at the lower boundary. To mitigate the effects of X-band attenuation, radar reflectivity was taken to be the maximum observed value measured from two independent radar beams for each point in the Cartesian analysis grid. Additionally, prior to calculation and vertical integration of divergence, the horizontal wind field was smoothed with a two-pass Leise filter (Leise 1981) to reduce noise in the horizontal divergence and derived vertical velocities. As a result, scales of motion having horizontal wavelengths less than ϳ6 km are strongly damped (Jorgensen et al. 1997 ).
Case overview
Intensive observations by the NOAA P-3 were conducted in the coastal zone near the Oregon-California border between 0500 and 1000 UTC on 1 December 1995. The 850-mb analysis from the National Centers for Environmental Prediction (NCEP) at 0000 UTC 1 December (Fig. 2) shows a baroclinic trough over the northeast Pacific Ocean near 135ЊW. Wind speeds at 850 mb along the coast near the Oregon-California border were ϳ10 m s Ϫ1 , and the geopotential gradient in this region was nearly parallel to the coast. Overland (1984) determined that this type of large-scale pattern, in which the pressure gradient force is directed primarily parallel to the barrier, is favorable for the development of strong winds adjacent to steep coastal terrain.
The sea level pressure analysis valid at about the time that the aircraft began to collect dual-Doppler observations along the southern Oregon coast is shown in Fig. 3 . The northern portion of the surface front was located immediately off the southern Oregon coast and moved southeastward at a speed of ϳ11 m s Ϫ1 (based on dual-Doppler observations). An elongated pressure trough extended north-northwest of the front off the coast of Washington and Oregon in association with a midlevel short-wave disturbance. Infrared satellite im- agery indicated a sharpening southwest-northeast-oriented baroclinic cloud band associated with the frontal system (cf. Fig. 12 of Bond et al. 1997) . Mesoscale pressure ridging analogous to that shown by previous observational (e.g., Mass and Ferber 1990) and numerical (e.g., Doyle 1997) studies developed in the warm sector adjacent to the zone of steepest coastal terrain.
Surface winds within this zone were approximately parallel to the coast and highly ageostrophic, in contrast to more geostrophic prefrontal southwesterlies farther offshore.
The horizontal structure of precipitation observed from the P-3's lower fuselage radar during the aircraft observations is summarized in Fig. 4 . Reflectivity values over land are not shown because of pervasive ground clutter contamination. The position of the surface front corresponding to the wind shift zone seen in dual-Doppler observations (to be shown) is also indicated in Fig.  4 . Prior to its landfall at 0525 UTC 1 December (Fig.  4a) , banded precipitation exhibiting a southwest-northeast orientation was present ahead of the surface front and associated radar reflectivities were generally less than 35-40 dBZ. About 1 h later, around 0640 UTC (Fig. 4b) , the composite radar reflectivity showed a rapid intensification of precipitation as a narrow precipitation band characterized by strong reflectivity values (Ͼ40 dBZ) formed adjacent to the coast along the leading edge of the surface front. A separate north-south-oriented narrow prefrontal precipitation band (hereafter rainband A) developed 20-30 km ahead of the front. With time, postfrontal precipitation became more evident in the form of a broad band that approximately paralleled the surface front (Fig. 4c ). While precipitation along the surface front generally weakened during this later period, another mesoscale precipitation area (rainband B) developed ahead of the front and exhibited an orientation nearly parallel to the coastline.
The impact of nearby steep terrain on coastal weather conditions can be readily seen from a time section of objectively analyzed surface conditions encompassing the period of frontal landfall (Fig. 5 ). This analysis clearly shows passage of a surface pressure trough, extending from Astoria, Oregon (AST), to near Cape Mendocino, California (buoy 46030). Little if any surface baroclinity was detected poleward of Northbend, Oregon (OTH), and hence no frontal boundary is analyzed in that region. Farther south, pressures rose sharply and temperatures dropped by 2Њ-3ЊC in the wake of the analyzed cold front. The strongest sustained surface winds (Ͼ10 m s Ϫ1 , denoted by shading in Fig. 5 ), which coincided with an enhanced along-barrier pressure gradient, were observed within the coastal zone between buoys 46027 and 46030 just prior to frontal passage. While these observations are of limited resolution, the correspondence of this wind maximum and associated pressure perturbation to the zone of most steeply rising terrain (cf. right panel of Fig. 5 ) is strongly suggestive of upstream blocking by the coastal orography.
Special datasets provided by COAST fill critical gaps in this synoptic analysis. For example, hourly averaged observations from the 915-MHz wind profiler at Crescent City (CRC, located adjacent to the highest coastal terrain and ϳ10 km southeast of buoy 46027; cf. increased with the approach of the frontal system, and reached its maximum value (ϳ25 m s Ϫ1 ) in the lowest 600 m prior to frontal passage, between 0600 and 0700 UTC. A second, distinct prefrontal wind maximum was detected at a height of ϳ1500 m and likely represents a baroclinically induced low-level jet, a feature commonly observed ahead of fronts within the 900-850-mb layer (e.g., Browning and Pardoe 1973; Hobbs et al. 1980) . In the front's wake, low-level winds rapidly weakened to ϳ10 m s Ϫ1 and veered to a more northerly direction.
Thermodynamic profiles located ϳ30 km to either side of the surface boundary were constructed using a combination of dropsonde, flight-level, and buoy data along the coastal zone near the Oregon-California border (Fig. 7) . The prefrontal airmass exhibited comparatively strong stratification in the lowest kilometer, with convectively stable-to-neutral conditions (equivalent potential temperature increasing or remaining constant with height) below 1.5 km MSL. In the postfrontal zone, a stronger degree of stratification in the 1-2-km layer likely corresponds to the elevated frontal zone, with convectively unstable conditions confined to a shallow layer immediately above it.
Airborne Doppler radar observations a. Coevolving airflow and precipitation in the coastal zone
A sequence of P-3 dual-Doppler radar analyses constructed over the period 0500-1000 UTC 1 December 1995 provides a uniquely detailed description of threedimensional kinematic and precipitation fields as the cold front encountered the zone of most steeply rising coastal terrain near the Oregon-California border. Figure 8 shows winds and precipitation at a height of 0.75 km (all heights MSL) at 0515 UTC when the surface front was ϳ70 km north of the border (i.e., located near the northwest corner of the analysis domain). This level was close to the height of the maximum along-barrier flow determined by the Doppler radar. As evident in Fig. 4a , the heaviest precipitation at this early stage was prefrontal, with some suggestion of bands oriented roughly parallel to the front (Fig. 8a) . No evidence of the rapid shift to west-northwesterly postfrontal winds identified at later times in the surface and wind profiler observations (cf. Figs. 5, 6 ) is seen at this early stage. Winds immediately ahead of the front were southwesterly (Fig. 8a) but markedly strengthened and backed with distance toward the south. The strongest Dopplerobserved wind speeds at this time were 22-24 m s Ϫ1 at a location 40-50 km south of the front (Fig. 8b) , where the flow was predominantly parallel to the coastal barrier (Fig. 8d) from moderate southwesterlies to strong south-southwesterlies seen in Fig. 8a is consistent with the northernmost extent of the strong surface winds that developed as the frontal system approached the coast (cf. Fig.  5 ).
As the cold front progressed southeastward, its associated convergence strengthened and supported the rapid development of a narrow but intense rainband coincident with the low-level frontal wind shift zone, as seen in the 0642 UTC airborne Doppler analysis (Fig.  9) . Wind speeds in the prefrontal region had strengthened compared to those found 90 min earlier, but retained the confluent transition from southwesterly flow offshore to south-southwesterlies near the coast. Maximum wind speeds of ϳ26-28 m s Ϫ1 (cf. isotachs in Fig. 9b ) were confined to a narrow band ϳ20 km in width, whose long axis was nearly coincident with the coastline. Once again this zone of strongest winds was dominated by along-barrier flow as incident southwesterlies were deflected so as to reduce the cross-barrier component in a manner consistent with upstream blocking (Figs. 9c,d) . A vertical section of cross-barrier (U) and along-barrier (V) velocities in advance of the front (Fig. 10) shows along-barrier flow below 1 km MSL increasing from ϳ20 m s Ϫ1 at a position 20 km offshore to ϳ28 m s Ϫ1 at the coast, with a concomitant reduction in cross-barrier flow. Above the height of the coastal mountains (which extend to ϳ1500 m in this region), the wind pattern was relatively unperturbed and alongbarrier velocities were weaker. These nearshore airflow structures resemble those of barrier jets observed along other approximately two-dimensional mountain ranges (e.g., Overland and Bond 1995; Parish 1982) .
At this stage the mesoscale precipitation pattern exhibited two modes of linear organization. One was oriented approximately parallel to the coast in the prefrontal region, as represented by rainband A in Fig. 9b . It was apparently associated with an orographically induced deflection of the prefrontal flow, and coincided with a pronounced deceleration of cross-barrier flow within ϳ15 km of the shore (Fig. 9c) . The vertical section in Fig. 10 indicates this band (near X ϭ 28 km) was relatively deep, with the 30-dBZ contour reaching above 3 km. This band extended southward to a position about 60 km south of the Oregon-California border (cf. Fig. 4b ). The second distinct mode of organization evident in Fig. 9 is a narrow but intense precipitation band coincident with the frontal wind shift zone (i.e., collocated with tightly packed isotachs in Fig. 9b ) and is thus interpreted to be a narrow cold-frontal rainband [NCFR; Houze (1993, chapter 11) ]. The NCFR was marked by multiple centers of very heavy precipitation (maximum radar reflectivities Ͼ45 dBZ). These discrete cores of heavy precipitation and intervening regions of lighter precipitation along the NCFR (often referred to as precipitation cores and gap regions) are similar to those previously observed in midlatitude cyclones (Hobbs and Biswas 1979; James and Browning 1979; Hobbs and Persson 1982) . This characteristic structure persisted over the next hour. The lower fuselage radar also showed decreasing precipitation intensity along the NCFR with distance offshore (Fig. 4b) .
The sequence of vertical sections in Fig. 11 captures the development of the NCFR. The movement of the front in the plane of the section has been subtracted to show airflow relative to the front. Corresponding divergence fields are shown in Fig. 12 . At 0515 UTC, when the surface front was ϳ35 km offshore as viewed in the plane of the section, most of the enhanced precipitation was located ahead of the front (Fig. 11a) . Though limited in their near-surface coverage by range effects, Doppler measurements showed precipitation and convergence at the front to be weak at this time (Figs. 11a, 12a ). About 35 min later (Fig. 11b) , as the surface front approached the coast, the strength of lowlevel convergence associated with the front increased (Fig. 12b) . Stratiform precipitation ahead of the front appeared to be enhanced at this time as well, with reflectivity fallstreaks reaching 35 dBZ extending from melting level (ϳ2.5 km MSL) to the surface. By 0642 UTC (Fig. 11c) , a well-defined NCFR was observed coincident with the surface front, accompanied by strong low-level convergence reaching a magnitude of ϳ2.4 ϫ 10 Ϫ3 s Ϫ1 (Fig. 12c) . The vertical extent of the
12. As in Fig. 11 except showing horizontal divergence (contour interval 4 ϫ 10 Ϫ4 s Ϫ1 ). Solid (dashed) lines denote positive (negative) divergence values, respectively. NCFR was limited (ϳ2 km MSL); however, its maximum radar reflectivity was Ͼ45 dBZ and Doppler-derived updraft velocities Ͼ2 m s Ϫ1 were observed. As the frontal system continued its southeastward advance, dual-Doppler observations at 0843 UTC (Fig.  13) showed the same general patterns of organization but with several important differences. The strength of prefrontal southwesterlies (ϳ22 m s Ϫ1 ) and along-barrier flow (Figs. 13b,d) had lessened, and the deceleration of cross-barrier flow near the coast was not as marked as that observed at 0642 UTC (cf. Fig. 9c ). Perhaps the most significant change was the absence of the NCFR at this time, marking a Յ2 h lifetime for this feature. Following the weakening of rainband A, a second pre- frontal rainband (B in Figs. 13a and 4c) had developed approximately parallel to the coast, coincident with the zone of enhanced along-barrier velocities and the decelerating cross-barrier flow (Figs. 13c,d) .
b. Comparison with idealized theory
Past theoretical studies have shown that low-level flow encountering terrain is generally blocked when the upstream Froude number (F r ) 1 is less than unity (Smith 1979) . Nevertheless, the flow response is complex and may not be uniquely determined by the ratio of the kinetic to the potential energy as expressed in F r (e.g., Schumacher et al. 1996) . In the rotating limit (i.e., when Coriolis effects are considered), Pierrehumbert (1984) 
and Pierrehumbert and Wyman (1985) have shown that for an idealized two-dimensional barrier the Burger number (B) 2 is also an important parameter in determining the potential for upstream blocking. For situations having comparable latitude and stratification, the Burger number is effectively proportional to the steepness of the mountain slope (i.e., H/L, where H is the mountain height and L is the mountain half-width). When B is less than unity, the flow is quasigeostrophic/ semigeostrophic as the flow proceeds over the mountain; however, when B exceeds unity, the mountain is said to be ''hydrodynamically steep'' and flow is diverted by the barrier (Overland and Bond 1995) . In the latter situation (B Ͼ 1), Pierrehumbert and Wyman (1985) have shown that the terrain influence attains a maximum upstream extent on the order of the Rossby radius of deformation (l R ϭ NH/ f, where N is the Brunt-Väisälä frequency, H is the mountain height, and f is Coriolis parameter).
For the case studied here, where the volume of interest was generally filled with precipitation below mountaintop level, static stability is appropriately calculated using the expression for the saturated Brunt-Väisälä frequency (N m ) derived by Durran and Klemp (1982) . Using the soundings in Fig. 7 , this gives N m ϭ 1.2 ϫ 10 Ϫ2 s Ϫ1 and 4.8 ϫ 10 Ϫ3 s Ϫ1 in the prefrontal and postfrontal regions, respectively. If we then take H ഠ 1400 m (averaged along the coastal barrier); U ഠ 14 m s Ϫ1 and 12 m s Ϫ1 in the prefrontal and postfrontal regions, respectively; and L ഠ 120 km (mountain half-width approximated by the extent of windward slope; cf. Fig. 1) , we obtain F r ഠ 0.8, B ഠ 1.5, and l R ഠ 170 km in the prefrontal region, with F r ഠ 1.8, B ഠ 0.6, and l R ഠ 65 km in the postfrontal air mass. These values appear consistent with dual-Doppler observations showing considerable upstream blocking in the prefrontal region (e.g., Fig. 9 ), yet little evidence of terrain-modified flow in the front's wake, consistent with the lower static stability in the cool air mass (cf. Fig. 7) .
Moreover, dual-Doppler radar observations indicate that a profound wind shift suggestive of the terrainblocked flow was located ϳ20 km upstream of the coastline (e.g., Fig. 9 ), a distance much less than the estimated Rossby radius (ϳ170 km). This apparent inconsistency may imply limitations of the theory, or at least its application in realistic situations. For example, classical theory does not allow for modification of upstream static stability by moist diabatic processes (i.e., latent heat release and/or evaporation cooling in association with precipitation), as almost certainly occurred in this case. In addition, the topography in the COAST study region (cf. Fig. 1) is not characterized by an isolated two-dimensional coastal barrier, but rather includes even high-er terrain (viz., the Cascade Range and Sierra Nevada, and ultimately the Rocky Mountains) farther inland. Although it is difficult to deduce the impact of this more distant orography using idealized theory and observations alone, recent numerical work by Braun et al. (1999) points to the potential significance of continentscale terrain in modifying flow within the coastal zone. Finally, previous studies have quantified the influence of terrain under highly idealized conditions of steady, horizontally uniform incident flow. The inherently unsteady and nonuniform nature of onshore flow associated with a landfalling front represents a significant complicating factor capable of influencing the degree and upstream extent of observed flow blocking.
Ground-based Doppler radar observations
The National Weather Service WSR-88D S-band Doppler radar on Cape Mendocino (EKA in Fig. 1 ) provides a complementary view of the landfalling frontal system, offering better temporal continuity than can be achieved using airborne Doppler analyses alone. However, the altitude of the Eureka radar antenna (766 m MSL) and the lowest elevation angle (0.5Њ) limit the degree to which near-surface radial velocity and precipitation patterns can be observed, particularly at far ranges where the P-3 began its investigation of the landfalling front. The height of the lowest available radar beam reaches ϳ3.5 km MSL near the Oregon-California border. To compensate, we apply a procedure to each radar volume in which the maximum value of observed radar reflectivity at any height in a vertical column is projected onto a horizontal map.
3 Though susceptible to other problems including brightband contamination, these low-level composite reflectivity maps allow continuous tracking of organized precipitation features over long periods. Moreover, by summing these individual maps, it is possible to obtain a qualitative view of trends and extremes in precipitation intensity that occurred as the front made landfall.
Over the period of intensive P-3 observations (ϳ0500-1100 UTC), the front advanced from the Oregon-California border to a point near the Eureka radar site. During this interval, the nearby steep coastal terrain evidently affected the upstream distribution of total precipitation (Fig. 14) . To compensate for rangeinduced bias in recorded reflectivity values as the frontal precipitation shield progressed toward the radar, reflectivity values at each grid point within a composite reflectivity map have been normalized by the domainmean value before summing each map in the series. As such, the scaling of ''cumulative normalized reflectivity'' magnitudes derived in this manner is arbitrary; it
VOLUME 128 M O N T H L Y W E A T H E R R E V I E W
FIG. 14. Horizontal pattern of cumulative normalized reflectivity (shading according to key at upper left; see text) derived from the Eureka WSR-88D radar during the period of intensive P-3 observations (0500-1100 UTC 1 Dec 1995). Terrain height thresholds of 600, 1000, and 1600 m MSL are indicated by the dashed-dotted, thin-solid, and thick-solid contours, respectively. is their horizontal pattern that conveys important information. Figure 14 shows that the heaviest and/or most persistent precipitation occurred within ϳ50 km of the coast, with a marked reduction of precipitation farther offshore. Peak cumulative reflectivity values were generally found on the windward slopes of the coastal range (some 20-50 km inland) along a segment of the coastline between ϳ20 and ϳ120 km south of the OregonCalifornia border, adjacent to the highest/steepest mountains within range of the Eureka radar (cf. Fig. 5 ). Local maxima in the cumulative reflectivity pattern were found over hills as small as 500 m MSL in peak elevation [reminiscent of findings by Browning et al. (1974) ], although the centers of heaviest radar-indicated precipitation accumulation occurred at higher elevations, being more nearly collocated with mountain crests in the range 1000-1500 m MSL. These enhanced reflectivities were not the result of ground-clutter contamination, since mountain heights over this zone were generally well below the lowest radar beam. Ground clutter contamination did produce a narrow band of intense reflectivities within a narrow northwest-southeast-oriented zone ϳ50 km east-northeast of the radar site, where the beam was blocked by locally high terrain as evidenced by attenuated values at longer ranges in this sector. The sequence of individual radar reflectivity maps in Fig. 15 shows that rainband A was initially observed ϳ80 km offshore and then moved toward the coast at ϳ16 m s Ϫ1 . Its alignment was ϳ10Њ-190Њ, and thus distinct from the northeast-southwest orientation of the NCFR. Moreover, precipitation intensity within rainband A strengthened as the band approached the zone of blocked flow near the coast (Figs. 15c,d; Fig. 9 ). During the following hour, similar evolution was observed for rainband B (not shown). Owing to the absence of dual-Doppler observations far offshore, the formative mechanism of these prefrontal bands remains uncertain. Nonetheless, their distinct alignment and intensification as they neared shore suggest that these prefrontal rainbands were at least partly the result of orographic forcing. Figure 16 shows the 0929 UTC color display of radar reflectivity and radial velocity at 0.5Њ elevation from the Eureka radar. The position of the front at this time was ϳ20 km northwest of the radar site, as shown by an illdefined discontinuity in the Doppler velocity field (highlighted in Fig. 16b) . The low-level radar reflectivity
16. Base scan (0.5Њ elevation) color display of (a) radar reflectivity (dBZ ) and (b) radial velocity (kt) from the Eureka WSR-88D radar at 0929 UTC. Arrow in (b) indicates ill-defined discontinuity marking the front.
associated with the surface front was relatively weak (Ͻ25-30 dBZ). Somewhat heavier precipitation was detected both behind and ahead of the front. A series of maps encompassing the period when the front passed over the Eureka radar shows no evidence of any narrow, intense precipitation feature or sharp wind shift near Cape Mendocino. It thus appears that the NCFR and associated sharpening of the frontal wind shift existed only during a limited interval as the front made landfall along the segment of particularly steep coastal terrain near the Oregon-California border.
Upstream influence of the steep coastal terrain a. Modulation of airflow
Influences of coastal orography upon the 1 December 1995 landfalling frontal system may be identified and succinctly summarized in a statistical sense by constructing and interpreting CFAD analyses [contoured frequency by altitude diagram; Yuter and Houze (1995) ] for selected dual-Doppler analysis times. Each CFAD represents a joint probability distribution plot showing the frequency of occurrence of a selected parameter as a function of some independent variable (generally height) within a radar-observed volume. These frequencies are normalized by the number of observations at each level. When processed in this manner, the data more readily evince preferred modalities and subtle yet systematic shifts in observed conditions that shed light on underlying dynamic processes.
Attention is focused upon distributions of kinematic quantities during the period when the circulation and precipitation patterns accompanying the landfalling front were undergoing rapid change. This is accomplished by processing the sequence of airborne Doppler analyses valid at 0515, 0550, and 0642 UTC, corresponding to the set of vertical cross sections shown in Figs. 11 and 12. Though well positioned in time, CFADs derived from this sequence must be interpreted carefully owing to rapidly evolving radar echo coverage relative to the front. Sampled conditions within the 0515 UTC radar volume are weighted strongly toward the prefrontal regime owing to limited radar returns along/behind the front (cf. Fig. 8a ), while the 0550 and 0642 UTC volumes encompass both prefrontal and postfrontal conditions (Fig. 9a) .
Sequences of CFADs for the cross-and along-front components of horizontal flow are shown in Figs. 17 and 18, respectively. In this rotated coordinate system, positive values of uЈ denote cross-front flow toward the warm side of the front. At 0515 UTC (Fig. 17a) , the distribution of cross-front velocities was broad at low levels but appreciably narrowed near the 4-km level. Apart from the lowest 2 km of the sampled (mainly prefrontal) volume, cross-front velocities generally increased with height. At later times, significant changes occurred at low levels as the frontal circulation/precipitation pattern developed and advanced into the analysis domain. A bimodal structure developed within the lowest 1.5 km (Figs. 17b,c) indicating a growing contrast between the prefrontal south-southwesterly flow (negative uЈ) and postfrontal westerlies (positive uЈ). In particular, the modal value of cross-front velocities in the prefrontal zone shifted from near 0 to about Ϫ8 m s Ϫ1 , signifying an increase in low-level inflow toward the front. Above ϳ1.5 km (corresponding to the mean height of the coastal terrain) the sequence shows relatively steady conditions. An analogous transition was apparent in CFADs of along-front velocities within the 0-1.5-km layer occupied by the coastal barrier (Fig. 18) . In particular, the modal value of prefrontal along-front velocities shifted from ϳ18 m s Ϫ1 at 0515 UTC to ϳ25 m s Ϫ1 at 0642 UTC. The general increase of along-front flow with height (particularly at higher levels) is consistent with the presence of large-scale baroclinity in the frontal zone. In contrast to the marked acceleration of the prefrontal airflow at low levels, the portion of the velocity distribution (either cross-or along-frontal) corresponding to the postfrontal regime changed little during landfall (Figs. 17 and 18) .
Of particular dynamical significance is that the observed strengthening of low-level prefrontal winds was focused neither in the cross-nor along-front component, but rather resulted from the acceleration of flow parallel to the coastal orographic barrier (cf. along-barrier speeds of 18-20 m s Ϫ1 in Fig. 8d vs 24-26 m s Ϫ1 in Fig. 9d ). This is further evidence that upstream blocking of stably stratified prefrontal flow was responsible for the observed rapid increase in low-level wind speeds adjacent to the steep orographic barrier.
b. Enhancement of precipitation
Another important question concerns how frontal precipitation may have been modified as a result of upstream blocking. Modulation of low-level precipitation intensity may be examined by means of CFAD-type joint probability plots in which statistical distributions of radar reflectivity are displayed not according to altitude, but rather as a function of offshore distance (Fig.  19 ). This analysis is confined to reflectivity measurements in the layer Յ1.5 km MSL, where airborne Doppler kinematic measurements indicated the effects of upstream blocking were most pronounced. Figure 19 highlights several interesting aspects of the low-level radar reflectivity pattern that persisted over a ϳ3 h period spanned by a sequence of three Doppler analysis volumes (panels a-c) collected adjacent to steep coastal terrain as the front made landfall. The largest radar reflectivities within the analysis volume were consistently located near the coast, with a systematic decrease of reflectivity with distance offshore. Mean radar reflectivity values fell 30%-40% between the coast and a distance 40 km offshore, consistent with the pattern seen by the Eureka radar (cf. Fig. 14) . None of the airborne Doppler radar volumes summarized in Fig. 19 extended inland over the steep terrain slopes, where the Eureka radar indicated heaviest accumulations of precipitation (as discussed in section 5). Since the aircraft's position was ϳ15 km offshore for each of these volumes, the indicated decrease of reflectivity with distance inland may be at least partly due to attenuation by intervening heavy precipitation near the coast. At heights above 1.5 km (not shown), the spectrum of observed reflectivities as a function of offshore distance broadened, consistent with the presence of elevated convective elements, and the tendency for a systematic offshore decrease in echo intensity was not so pronounced. The observed decrease in precipitation rates away from the coast is consistent with variations in Dopplerderived divergence in this layer averaged in the alongcoast direction and plotted as a function of offshore distance (Fig. 20) . The strongest mean low-level convergence was consistently located near the coast, decreasing to a mere 20% of its coastal value just 20 km offshore. Evidently this enhanced low-level convergence contributed to production of precipitation in the coastal zone. To gain further insight into these systematic changes, the relationship of low-level wind and divergence were further examined via detailed horizontal maps. Figure 21 shows the spatial distribution of divergence (corresponding to winds plotted in Fig. 13a ) that contributed to this coastal convergence maximum. Observed convergence was concentrated in an elongated zone within ϳ10 km of the coast (Fig. 21a ). There were two distinct kinematic sources contributing to convergence along this zone. One was the decreased speed of cross-barrier flow in the cross-barrier direction (‫ץ‬u/‫ץ‬x) in the prefrontal region (Fig. 21b) . This convergence was distributed rather uniformly along the stretch of coastline south of the front, as would be expected if upstream blocking of the cross-barrier prefrontal flow component was the responsible mechanism. A second, more localized contribution to the coastal convergence maximum noted in Fig. 20 occurred near the intersection of the frontal wind shift zone and the coastline. This center owed its existence to rapid deceleration of the along-barrier component ‫;‪y‬ץ/ץ(‬ Fig. 21c ) as northwarddeflected prefrontal flow collided with the cool postfrontal air mass. Thus, spatially distinct variations of both along-barrier and cross-barrier flow that occurred Fig. 17 except for ground-relative alongfront velocity.
in response to terrain-induced blocking of the prefrontal flow apparently contributed to enhanced convergence and precipitation near the coast.
c. Formation of the NCFR and associated vertical circulation
In this section we seek a possible dynamical connection between the formation of the NCFR on 1 December 1995 and the upstream influence of steep coastal terrain. While a large number of past studies have investigated the finescale structure of the NCFR, relatively few have accessed detailed observations from which topographic influences upon cold-frontal structure might be discerned. Using radar reflectivity measurements obtained during the Cyclonic Extratropical Storms project Hobbs et al. (1980) and Parsons and Hobbs (1983a) identified and tracked various types of rainbands in four Pacific cyclones as they approached the relatively complex, three-dimensional terrain of the Olympic Mountains in western Washington (cf. Fig. 1 ). Among these cases were two cold fronts, both of which were oriented nearly parallel to the western Washington coast during landfall.
Parsons and Hobbs noted a slight decrease in the intensity of both NCFRs following landfall and speculated this might be due to land-sea contrasts involving disruption of boundary layer flow over rough terrain; more significant changes in NCFR behavior (mainly pertaining to rainband orientation) were observed downstream of the Olympics over Puget Sound. More recently, Colle et al. (1999) exploited airborne Doppler observations of a landfalling cold front on 11 December 1993 during COAST, but once again for the case of a north-southoriented front encountering the Olympics. Their analysis necessarily focused on changes in frontal intensity as the cold front ascended (and ultimately split around) this quasi-circular barrier. These previous authors could thus not address changes in NCFR structure that might occur as a cold front originating over the open ocean encounters a barrier jet adjacent to more two-dimensional steep terrain.
To our knowledge, only one other study has considered the interaction of a cold front with a relatively steep, quasi-two-dimensional barrier in such detail. Braun et al. (1997) also used airborne Doppler radar to investigate an intense frontal system approaching south- ern Oregon on 8 December 1993 during the first phase of COAST, and documented a marked decrease in the depth of the radar echo and magnitude of the Dopplerderived vertical velocities within the NCFR as it neared shore. However, the orientation of that front, which was more nearly parallel to the coast, apparently combined with a lack of significant onshore flow to preclude formation of a strong barrier jet in their case. Owing to the timing of the P-3 flight upon which their study was based, Braun et al.' s analysis ended at a point when the front was still ϳ20 km offshore and, thus, did not encompass the front's actual landfall. Many previous observational studies (e.g., Carbone 1982; Hobbs and Persson 1982; Parsons and Hobbs 1983b; Shapiro 1984; Roux et al. 1993) have noted similarities between the leading edge of some cold fronts and gravity currents (Simpson 1969) . Individual scanplane plots of Doppler radial velocities from this case (not shown) clearly depict gravity current-like structure as the leading edge of the front came ashore. Provided that gravity current dynamics are indeed applicable, the convection at the leading edge of the cold front can be viewed as a response to low-level convergence generated as advancing cold air forces the ascent of relatively warm, moist air originating ahead of the front. This mechanism provides a reasonable explanation for the development of NCRF structure even in the absence of appreciable potential instability in the prefrontal environment (Carbone 1982; Parsons 1992) . When retardation by opposing prefrontal flow is considered, Simpson and Britter (1980) showed that the front's velocity can be approximated by the expression
where g is the gravitational acceleration, h is the depth of the cold air; T 1 and T 2 are the warm-and coolairmass virtual temperatures, respectively; u 0 is the prefrontal cross-front wind component (negative for a wind toward the cold air); and k and b are constants equal to 0.9 and 0.6, respectively. For the present case, T 1 ϭ 288.7 K and T 2 ϭ 286.7 K (average values observed at buoy 46027; cf. Fig. 1 ), and Doppler-derived flow fields indicate the depth of the cold air to be ϳ2000 m (cf. Fig. 11c ). The mean u 0 over a depth corresponding FIG. 20 . Low-level (below 1.5 km MSL) mean horizontal divergence as a function of offshore distance (i.e., averaged in the alongshore direction) derived from airborne dual-Doppler analyses at 0550, 0642, and 0843 UTC (solid, dotted, and dashed lines, respectively).
to that of the cool air mass was Ϫ2.4 m s Ϫ1 . Substituting these values into (1) yields uЈ ϭ 9.1 m s Ϫ1 . The observed absolute forward motion of the front was ϳ11 m s Ϫ1 , though slowing to ϳ8 m s Ϫ1 as the front encountered the strongest along-barrier flow during landfall. The adjusted gravity current velocity thus reasonably approximates the front's observed motion in this case.
The time series of dual-Doppler results in Fig. 11 indicates that the formation of the NCFR was related to the rapid enhancement of the low-level frontal lifting during the period of landfall. Gravity current dynamics relate strong lifting at the surface front to the sharp temperature gradient between the warm and cold air masses. On the basis of quasi-steady dynamics, Parsons (1992) argued that the prefrontal ambient vertical shear (in the cross-front direction) constrains the intensity of the lifting at the leading edge of cold air. He performed a series of numerical experiments and demonstrated that an optimal vertical shear exists such that the frontal updraft is upright and maximized. A complementary view of this process involves horizontal vorticity balance arguments, as advanced by Rotunno et al. (1988) . Following this approach, horizontal vorticity induced by density changes across the leading edge of the cold pool may be represented by
where ⌬ min is the cold-pool temperature deficit relative to ambient conditions, 0 is the base-state potential temperature, and H is the cold-pool depth. The ambient shear-induced vorticity can be represented by ⌬u, which is the vertical shear over the depth of the cold pool (H). Rotunno et al. (1988) maintain that the situation in which C ϭ ⌬u represents an optimal condition in which convection at the leading edge of the cold pool is upright and most intense. If we use surface observations at the buoy 46027 to estimate thermodynamic values in (2), and the depth of the cold air mass associated with the front is again assumed to be 2 km, a corresponding value of ϳ17.1 m s Ϫ1 is obtained for C. The magnitude of ⌬u may be readily estimated from the dual-Doppler synthesis winds. Figure 22 shows that the strongest cross-front vertical shear was confined to the lowest 1-2 km, with weaker shear aloft. The mean ⌬u over the depth of the cold air during the interval over which the NCFR was observed to rapidly form (encompassed by analyses at 0515, 0550, and 0642 UTC) was 8.6, 13.0, and 15.7 m s Ϫ1 , respectively. The significant increase in ⌬u between 0515 and 0550 UTC was exclusively caused by the enhancement of cross-front velocities at low levels ( Fig.  22) , which was in turn due to intensification of southerly along-barrier flow over time in association with upstream blocking of prefrontal southwesterly flow (as described in section 6a).
The above calculations suggest that the vertical shear in advance of the front was generally suboptimal (i.e., ⌬u Ͻ C) during landfall, consistent with dual-Doppler observations showing frontal updrafts sloping over the cold air (i.e., exhibiting upshear tilt) over the entire period (cf. Fig. 11 ). Nonetheless, a progression toward increasingly upright and intense frontal ascent is evident in Fig. 11 . Provided that the temporal variation of C was comparatively small, 4 this observed ⌬u represents an evolution toward increasingly optimal conditions during the interval 0515-0642 UTC. It follows that upstream blocking within the 0-2-km layer was likely a crucial effect contributing to the observed rapid development and intensification of the NCFR. Further support for this hypothesis is that the subsequent reduction in the strength of observed along-barrier flow between 0642 and 0843 UTC (viz., from a maximum value of ϳ26 m s Ϫ1 in Fig. 9d to 18 m s Ϫ1 in Fig. 13d ) was accompanied by dissipation of the NCFR. Other factors that are not implicit in gravity current theory, such as frontogenesis and large-scale advection, represent possible complications to this interpretation. Nonetheless, the particular relationship of the coevolving fields of wind and precipitation to the steep coastal terrain are highly suggestive of a causal relationship between up- stream blocking and the NCFR's rapid formation and decay.
Conclusions
Through analysis of a comprehensive set of observations from the COAST experiment the mesoscale structure and evolution of a cold frontal system that made landfall near the Oregon-California border on 1 December 1995 has been documented in detail. This section of coastline, extending southward from Cape Blanco to Cape Mendocino, is notable for its steepness and presents a profound and relatively two-dimensional obstacle to landfalling storms. As the front neared shore, hourly averaged wind profiler and surface observations showed the along-barrier pressure gradient and low-lev- el winds to increase markedly, reaching their greatest magnitudes immediately prior to frontal landfall.
The front was oriented northeast-southwest, at an acute angle to the steep coastal barrier, and thus advanced southward along the shore with time. As the front moved southward along the zone of highest coastal terrain, airborne dual-Doppler radar observations revealed a rapid increase in the intensity of precipitation and low-level convergence along the front. These changes occurred in conjunction with the formation of a narrow cold-frontal rainband. During the ϳ1.5 h period over which an intense NCFR was present, prefrontal flow at low levels was strongly deflected by the orography, resulting in a sharp transition of wind direction from southwesterly (offshore) to south-southwesterly within ϳ20 km of the coast, where maximum observed wind speeds defining the core of the ''barrier jet'' reached 26-28 m s Ϫ1 at 0.75 km. A marked deceleration of cross-barrier flow was also evident within this zone. Strengthening of the prefrontal winds thus resulted primarily from the intensification of the alongbarrier flow component. In contrast to the strong prefrontal winds, flow in the cool postfrontal air mass was considerably weaker (ϳ10 m s Ϫ1 ) and appeared relatively unaffected by the orography. Frequency distributions of kinematic quantities during this landfalling period showed a rapid enhancement of prefrontal crossand along-front velocities within the layer below ϳ1.5 km occupied by coastal mountains. This contrasting response of the prefrontal and postfrontal flows to the identical steep coastal terrain likely resulted from the greater static stability observed in the prefrontal zone. This observed modification of prefrontal flow adjacent to the coastal barrier is qualitatively consistent with upstream blocking as assessed using traditional Froude/ Burger number analysis. The most profound influence of coastal orography was, however, confined to a zone within ϳ20 km of the coast-a distance appreciably less than that predicted by theory (cf. estimated Rossby radius of deformation of ϳ170 km). This result implies that effects not fully accounted for by idealized theory (e.g., diabatic processes, baroclinic modulations of upstream flow, and stability) likely altered the orographically forced response in this case. The asymmetric and convoluted nature of the actual topography (i.e., which comprises not only an isolated coastal barrier but multiple ranges of even higher mountains farther inland) represents yet another complication not readily accounted for by existing theory (Braun et al. 1999) . Moreover, other potential influences on the dynamics of flow in the coastal zone including deformation of flow around Cape Mendocino (cf. Fig. 1 ), finite length of the steep coastline, and surface roughness/friction may also have played a role. Though not definitively addressed here, these factors are deserving of future examination through sensitivity tests using a mesoscale numerical forecast model.
Another important result of this study concerns the observed evolution of the NCFR and related flow dynamics in zones of steep coastal orography. Our findings indicate that the interaction between the advancing cool air mass and prefrontal cross-front vertical shear [reminiscent of processes occurring along gust fronts in warm-season convective systems as described by Rotunno et al. (1988) ] may influence the development of the NCFR in ways that cannot be explained in terms of synoptic-scale processes such as secondary circulations predicted by semigeostrophic theory (e.g., chapter 2 of Bluestein 1993) . Observations presented herein indicate that blocking of the low-level prefrontal flow upstream of steep coastal terrain significantly intensified the prefrontal low-level along-barrier flow, which in turn altered the cross-front vertical wind shear immediately ahead of the advancing cool air mass. The front's acute orientation relative to the coastal barrier on 1 December 1995 was thus an important factor contributing to the NCFR's evolution, for if the front were oriented parallel to the coastal barrier, the degree of upstream blocking would be greatly reduced and hence the cross-front vertical shear would not be modulated in this manner. As the front advanced southward toward Cape Mendocino, the flow pattern appeared to relax, the along-barrier flow decreased, and the NCFR dissipated, consistent with a steady decrease in the length of steep coastline to the south that was available to block and divert warm-sector flow northward toward the frontal boundary.
During the period of frontal landfall, two prominent prefrontal rainbands were observed within 80-100 km of the shore. These bands approximately paralleled the coastal barrier, and both intensified as they entered the zone of strongest low-level upstream blocking and associated low-level confluence. Cumulative radar reflectivity statistics during this period show evidence of a systematic increase in precipitation intensity toward shore, with mean radar reflectivities ϳ40 km offshore being only 60%-70% of those found at the coast. This trend was closely related to cross-shore variations of low-level convergence, which was strongly influenced by the blocking of prefrontal flow. The influence of orographic forcing upon the organization and intensity of offshore precipitation is thus suggested. Observations from the operational WSR-88D radar on Cape Mendocino also provide evidence of a more direct link between coastal orography and precipitation. Rainfall inferred from maps of cumulative reflectivity was generally enhanced over windward slopes within ϳ20-50 km of the coast, though local rainfall maxima were analyzed near the summits of coastal hills/mountains having peak elevations of 500-1500 m MSL. Schumacher et al. (1996) demonstrate that large-scale upper-tropospheric conditions can significantly influence frontal behavior in the vicinity of mountains. In the absence of detailed upper-level measurements (as might be provided by an additional aircraft releasing dropsondes over the open Pacific), such effects could not be definitively evaluated in the present case. Moreover, because our detailed mesoscale analyses of threedimensional airflow and precipitation were largely confined to a zone extending from the coast to at most 50 km offshore, changes in lower-tropospheric frontal structure and associated orographic precipitation farther upstream and directly over the inland sloped terrain could not be thoroughly addressed, and deserve more attention in the future. Appropriately, processes active directly over steep orography are also a major focus of the upcoming joint U.S.-European Mesoscale Alpine Programme (Houze et al. 1998) . While analysis of data collected during COAST strongly suggests that orographic forcing is capable of inducing rapid evolution of frontal structure within the coastal zone, the extent to which these changes relate to frontogenesis is difficult to assess owing to a lack of detailed thermodynamic information. Future observational programs should concentrate on obtaining a more complete description of offshore conditions, including open-ocean stratification and frontal structure, in tandem with detailed observations near the coast. Only then will a wholly adequate description of dynamic processes contributing to rapidly evolving coastal weather conditions be possible.
